The suction between soil particles is the basis and core problem in the study of unsaturated soil. However 
INTRODUCTION
The suction in unsaturated soil is the basis and core problem of the study of the principle of effective stress and shear strength theory of unsaturated soil. Therefore, this subject attracts the attention of scholars from many fields, which leads to the generation of new understanding. The matrix suction, which is widely used at present, reflects the water-absorbing capacity of the soil and characterizes the interaction between soil particles and pore water rather than the interactions between soil particles, which is not in conformity with the principle of effective stress of soils . Shen (1996a Shen ( , 1996b insists that although suction increases the resistance against sliding between soil particles, the soil's ability to resist deformation does not proportionally increase with the increase in suction. Therefore, the concept of reduced suction (effective suction, or the portion of suction that effectively increases the soil's strength and resistance to deformation) is put forward. Then, a generalized suction model is put forward to include all the forces that can increase the sliding resistance force between particles, such as matrix suction, bonding force, occlusion force and viscous force. Tang (2000a) successively put forward the concepts of absorbed suction and structural suction and concluded that the suction of unsaturated soil, in essence, is the intergranular suction composed of absorbed suction and structural suction and that using the matrix suction (i.e. the soil's capacity to absorb water) to represent intergranular suction, which includes variable structural suction (for example, the bonding force between particles which changes with the water content) is a fundamental mistake in classic unsaturated soil mechanics. Willett et al. (2000) tested the capillary force between two equal or unequal sizes of spherical particles but did not provide the theoretical perspective. Shimada et al. (2000) deduced the additional effective stress of equalsized particles caused by matrix suction of soil and interfacial tensions, but they mistakenly believe that the matrix suction parallel to the direction of its attachment and the total intergranular additional effective stress are generated by the matrix suction and interfacial tensions, not realizing that the matrix suction is a component of interfacial tensions. Miao et al. (2001) and Mu et al. (2004) put forward the concept of additional internal stress and argue that the matrix suction can be decomposed into capillary suction and additional internal stress. Although Miao et al. (2001) and Mu et al. (2004) observed that the component force of interfacial tensions in the direction of the center of two sphere can increase the strength of soil, the matrix suction and the additional internal stress must still be added as components of the effective stress when calculating the effective stress, or else the component and original forces will be mistakenly summed up. Jia et al. (2005) deduced the intergranular additional effective stress produced by the interfacial tensions of arbitrarily arranged unequal-sized particles of unsaturated soil, but they perpetuated the error of Shimada et al. (2000) . The suction stress discussed by Lu and Likos (2006) refers to the net intergranular force acting on unsaturated soil particles comprehensively caused by the negative pore water pressure and interfacial tensions, which is consistent with the literature (Tang & Wang 2006) . However, the important role of variable structural suction in unsaturated soil has not received enough attention, which shows that Luan et al. (2006) have attached great importance to the tensile stress effect of the component force of interfacial tensions in the direction of the line joining the centers of two soil particles and it is a pity that they still have not completely escaped from the basic idea of matrix suction. Zhao et al. (2007) suggested that the total suction of unsaturated soil is just the disjoining pressure of aqueous films, based on the aqueous film theory, which includes electrostatic forces, the van der Waals force, capillary tension, matrix suction and osmotic suction. However, these authors mistakenly add them up as the total suction due to not fully understanding the relationships between these suctions. The relationship between suction and the volume of water between soil particles with different radii was developed by He et al. (2010) . This relationship provides microscopic hysteresis mechanisms in soil-water characteristic curves, but a discussion of the nature of the matrix suction is not provided. Gens (2010) indicates that the matrix suction is approximately composed of a capillary suction part and an adsorption part and the part that dominates is dependent on the water content and soil type. However, the adsorption part just belongs to the component of structural suction, as developed by Tang (2000a) , whose mechanism is quite different from matrix suction. Zhang et al. (2013 Zhang et al. ( , 2007 proposed the theoretical model for the interaction between wet particles and liquid bridges, recognizing unsaturated soil as wet particulate material, but they mistakenly believe that the capillary force is caused by matrix suction and interfacial tensions.
Tang and his leading research team explore the quantitative calculation of absorbed suction and structural suction and have successively presented the quantitative calculation methods for absorbed suction in cubic, loose packing and structural suction in typical packing (Tang et al. 2013) . The latter experiments incorporated equal-sized soil particles in several typical packing styles. However, the quantitative calculation method for equal-sized soil particles in arbitrary packing and unequal-sized soil particles in arbitrary packing have not been developed. On the basis of the basic conception of absorbed suction and structural suction, along with soil mechanics, powder science, crystal chemistry, granular material mechanics and other related disciplines of knowledge for reference, we theoretically deduced the quantitative calculation formulas of the absorbed suction for equal-sized and unequal-sized unsaturated soil particles in arbitrary packing; and the variable structural suction for equalsized unsaturated soil particles in arbitrary packing and unequal-sized unsaturated soil particles in tetrahedral close packing. The influence factors on these equations are discussed and a shear strength theory of unsaturated soil is established based on the theory of intergranular suction through the analysis of the effective stress principle of unsaturated soil.
MATERIALS AND METHODS

BASIC CONCEPTS OF INTERGRANULAR SUCTION
The research on the principle of effective stress and the strength theory of unsaturated soil must be based on the correct understanding of suction in unsaturated soil. However, for a long time, there has been a misunderstanding of the relationship between intergranular suction and matrix suction of unsaturated soil. Often, matrix suction is assumed to be the sum of various suctions between soil particles without analysis of the various suctions in the unsaturated soils and their characteristics. The intergranular suction, proposed by refers to the suctions that act on soil particles and contribute to the interaction between soil particles, including absorbed suction and structural suction. Structural suction can be divided into intrinsic structural suction and variable structural suction according to whether it is affected by water content change, as shown in Figure 1 .
The existing research showed that the macroscopic mechanical properties of soil were closely related with its structure. The basic structure model of unsaturated soil includes two parts: the soil skeleton and the fluid within it. The soil skeleton is a porous structure with different connection strengths formed by soil particles and their different packing types and the fluid (gas and liquid) fills the skeleton pores in different forms. Therefore, an unsaturated soil always has a certain structural strength, and this strength is equivalent to the strength due to structural suction. When the internal stress caused by an external load acting on the unsaturated soil is less than the strength of the soil skeleton, the external load will be mainly borne by the soil skeleton, which can prevent the deformation and failure of the soil. Even if the internal stress caused by the external load is larger than the strength of soil skeleton, the soil skeleton will, together with its internal pore fluid, prevent the deformation and failure of soil. Therefore, the structural strength or structural suction is part of the effective stress of the unsaturated soil.
BASIC CONCEPTS OF ABSORBED SUCTION
According to different research angles, absorbed suction can be divided into microscopic absorbed suction (p s ) and macroscopic absorbed suction (s a ). The former, p s , describes the microscopic state of the absorbed suction existing between soil particles due to the interfacial tensions caused by the contractile skin at the air-water interface. The latter, s a , describes the macroscopic state of the absorbed suction on the surface of a range of soil particles, which averages the microscopic absorbed suction across the same range of soil particles. Obviously, the macroscopic absorbed suction, s a , is more favorable in studying the effective stress and the shear strength of unsaturated soil, but the microscopic absorbed suction, p s , must be developed first. Interfacial tensions, a typical phenomenon of gasliquid interfaces, appears in unsaturated soil pores and affects the shear strength of soil through a contractile skin along the gas-liquid interface. The horizontal tangential component of interfacial tensions makes the soil particles produce an additional pressure stress, as shown in Figure  2 , which directly act on the soil particles and influences the strength and deformation of the soil. This stress represents a part of the effective stress of unsaturated soil, referred to as absorbed suction in this paper. The vertical component of interfacial tensions is the classical matrix suction, which does not act on the soil particles and does not increase the additional effective stress between the soil particles. This suction does not contribute to the strength of the soil mass. However, the matrix suction is popularly used as part of the effective stress of unsaturated soils, which essentially violates the principle of the effective stress of soils. One typical element of the air-water interface in the three-phase system of air-water-soil in unsaturated soil is shown in Figure 2 , where σ 12 is the interfacial tensions coefficient (interfacial tensions of per unit length). The Young-Laplace equation provides a general relationship between matrix suction and the interface geometry, which may be written as, (1) where u a and u w are the air and water phase pressures, respectively, the difference (u a -u w ) is the matrix suction and r 1 and r 2 are the two radii of the curvature of the interface.
As shown in Figure 2 , the vertical force σ 12 ds cos (θ + ϕ) due to interfacial tensions σ 12 ds on the small segments ds balances the matrix suction (u a -u w ) in the vertical direction.
From (2), the matrix suction (u a -u w ) is the external performance (output) of soils in the vertical direction caused by interfacial tensions under external loads (inputs). The result is just a response to the external load and it does not act on the soil particles and makes no contribution to the strength of soils. This demonstrates that it is unreasonable to view the matrix suction as part of the effective stress of unsaturated soil, which cannot reflect the mechanics essence of the effective stress principle. However, the horizontal force σ 12 ds cos (θ + ϕ) due to interfacial tensions σ 12 ds on the small segments ds makes the soil particles produce an additional pressure stress, which acts directly on the soil particles. Under equilibrium conditions, the water in the meniscus between the two spherical particles produces a tensile stress on the soil particles, pulling the adjacent soil particles towards each other. The tensile stress acts directly on the soil particles and has a direct impact on the strength and deformation of the soil. This effect is an important part of the effective stress and is referred to as the microscopic absorbed suction, p s . Balancing the two above forces leads to,
Thus far, the definition of absorbed suction can be clearly understood as the suction produced by interfacial tensions between the soil particles due to wetting using water. The formation of absorbed suction is a result of the interaction of three phases (solid, liquid, and gas) in the soil. The absorbed suction characterized by tensile stress is equal to the horizontal component of interfacial tensions. For example, assuming that two spherical particles have a certain gap and that water occupies this gap, capillary water will come into being in contact of the two spherical particles and the two spherical particles will be drawn together.
BASIC CONCEPTION OF STRUCTURAL SUCTION Baker and Frydman (2009) thought that it was impossible that water tension (the capillary potential under field conditions, when u a = 0) is greater than a certain threshold value (in the range of 100 to 400 kPa) due to cavitation by testing and that it is impossible for the matrix suction to be greater than this threshold value in practical field conditions due to the cavitation of negative pore water. Hence, what does it mean when the matrix suction is greater than this threshold value? The current constitutive models of unsaturated soils are mostly based on the axis translation technique, which eliminates the possibility of cavitation. Therefore, what is the relevance of these models to field conditions with atmospheric air pressure? Some other suctions, definitely other than matrix suction, must be considered to solve the above problems. Zhao et al. (2013) argued that it is adsorption, consistent with Baker and Frydman (2009) that was produced by the physicalchemical interactions among all the phases (water, air and soil), including the long-range electrostatic force (electric double layer theory) and the short-range van der Waals force and other hydration forces. In fact, adsorption is just a component of structural suction. Mitchell and Soga (2005) defined the soil structure as the combined effects of the fabric, mineral components and interactions among particles. Additionally, Zhao et al. (2013) thought that soil structure should include the distributions of pore water and pore air and the interactions among all the phases (e.g. capillary and physical-chemical forces). The test of Wang (1987) and Zhang et al. (2006) proved that the clay mineral composition, bound water and their interaction with the aqueous solution are the basis of determining the structural characteristics of cohesive soil. Therefore, this paper holds that the structure of soil should also include its compositional characteristics, such as the mineral composition of soil particles, the chemical composition of pore fluid, the ice in frozen soil and so on. Thus, Tang, as early as 2000b, called for geotechnical circles to pay more attention to the impact of water-soil chemical action on the physical and mechanical properties and the structure of soil, especially in the study of unsaturated soils (Tang 2000b) . The geotechnical chemical mechanical discipline was first proposed in China by this author.
Based on the above existing study, the structural suction proposed by Tang refers to the sum of all tensile stresses related to the properties of soil structure, including the cementing force, electrostatic force, magnetic force and occluding force. All the above forces are affected by water content, the soil particle packing method and the chemical composition of the pore solution, but the degree of influence differs (Tang 2000b) . The structural suction reflects the structural characteristics of the soil, including the soil's skeleton characteristics, porosity characteristics, intergranular characteristics and component characteristics. As mentioned above, structural suction can be divided into intrinsic structural suction and variable structural suction according to whether it is affected by changes in the water content. Their difference in mechanical properties is obvious. The intrinsic structural suction is the intrinsic cohesion between soil particles, which does not change with water content and corresponds to a certain original structure of the soil. This suction is the structural suction that still exists between soil particles when the soil is fully saturated (hence, the intrinsic structural suction is also called the saturated structural suction) and it cannot be recovered once lost. The variable structural suction varies with water content, grain packing modes and cement chemical properties. This suction's properties are recoverable if lost, which means the variable structural suction can recover gradually in response to changes in the external conditions. For example, the cementing force is an important part of effective stress of unsaturated soil and is seriously affected by water content and cement chemistry. The tests of Baker and Frydman (2009) showed that adsorption still accounts for a large proportion in the matrix suction when the clay has a high degree of saturation, which proves that the structural suction has a great impact on the suction and strength of cohesive soil and indirectly proves the validity of structural suction. Meng (2013) assumes that the contact between the soil particles (the carrier of the effective stress in unsaturated soil) and the combined water film (combined phase) is the fifth phase and then introduced a general formula of atmospheric tension for the effective stress principle of unsaturated soil. This model successfully explained the laboratory tensile strength tests of an expansive soil in the literature (Ran et al. 2011) . In fact, the fifth phase is just a component of the intrinsic structural suction. The suction in unsaturated soil includes not only absorbed suction and matrix suction due to interfacial tensions on the air-water interface but also structural suction, including the suction due to combined water.
RESULTS AND DISCUSSION QUANTITATIVE CALCULATION OF INTERGRANULAR SUCTION QUANTITATIVE CALCULATION OF ABSORBED SUCTION
Absorbed suction of equal-sized soil particles with arbitrary packing The subject of single liquid bridges between two neighbouring sphere of equal size has drawn much attention (Kim & Hwang 2003; Lian et al. 1993; Willet et al. 2003) , however, the Laplace equation was used as the governing relation between the matric suction and the mean curvature of the meniscus, ignoring the fact that the water-induced attractive interaction is microscopic absorbed suction rather than matric suction. In order to simplify the derivation process, the study object is assumed to be as follows before the formula is derived: soil particles are ideally spherical; pore-water is evenly distributed between the soil particles; the pore-water between particles is a saddle warp in the three dimensional space; and the influence of gravity on the contractile skin is neglected.
The projection geometry of the air-water-solid interface is shown in Figure 3 , where R is the radius of the soil particle, θ is the contact angle between the contractile skin and the particles, r 1 is the lateral curvature radius of the meniscus gaseous phase, r 2 is the curvature radius of the liquid phase, ϕ is the particle saturated angle, T s is the interfacial tensions coefficient and 2d is the distance of the particles. The interfacial tensions are decomposed into two components, the horizontal direction and the vertical direction. The horizontal balance relationship is as follows:
The microscopic absorbed suction p s can then be computed as follows: (5) From (5), when soil is in a certain state, the radius of soil particle (R), the contact angle between the contractile skin and the particles (θ) and the interfacial tensions coefficient (T s ) are certain; hence, the microscopic absorbed suction, p s , depends only on the particle saturated angle, ϕ.
According to the symmetrical geometric relationship in Figure 3 , assuming the volume of pore water is V 0 , the volume of trapezoid OABC revolving around the axis O 1 O 2 is V 1 , the volume of spherical cap is V 2 , the relationship of the volumes can be written as follows,
where V 1 is determined as follows:
and V 2 is determined as follows: (8) where s is the abscissa of the highest point of the upper part of the concave liquid surface, s = d + R(1-cosϕ); r 1 is the lateral curvature radius of the meniscus gaseous phase, ; and r 2 is the curvature radius of the liquid phase, Substituting (7) and (8) into (6) yields the relationship of the water ring volume and saturated angle as follows: (9) When the distance of particles 2d, is zero, (7) can be written as follows: (10) For convenience, (9) and (10) also can be abbreviated as follows:
where f 1 is the function of ϕ.
Assuming the soil particles number in unit volume is N s , the total volume of the soil pore water can be written as follows: (12) According to the relationships among the three-phase physical indicators of the soil, the volume of pore water in the soil can be written as follows: (13) where D is the relative density, Combining (12) and (13) leads to the volume of pore water, as follows: (14) where the relative density, D, is constant for a specific soil. Therefore, the volume of pore water depends only on the water content and the coordination number.
By the Smith equation of powder mechanics (Ibrahim et al. 2014) , the relationship of the coordination number and void ratio can be written as follows: (15) According to the relationships between the three-phase physical indicators of soil, the relationship between the void ratio and dry density can be written as follows: (16) where ρ is particle density which varies slightly for different types of soil and can be obtained from tables in relevant codes and the parameter ρ d is the dry density of the soil.
Combining (14), (15) and (16) yields the relationship between the volume of pore water and the water content as follows: (17) For convenience, (17) can also be abbreviated as follows:
where f 2 is a function of w, ρ s and ρ d .
Combining (11) and (18) leads to the relationship between the saturated angle, water content and dry density:
where g is a function of w and ρ d . With substitutions into (5), the microscope absorbed suction, in kPa, of equal-sized unsaturated soil particles with arbitrary packing is obtained as follows: (20) Through the above derivation, the expression of microscopic absorbed suction, in kPa, with the macroscopic state parameters, including the particle radius R, water content w and dry density ρ d , was established. Because (20) is complicated, the microscopic absorbed suction must be solved via computer programming. Then, the microscopic absorbed suction, F s , in N (Newton), can be obtained as follows via the multiplication of p s by the action area:
The expression of microscopic absorbed suction, in N, with the macroscopic state parameters, including the particle radius R, water content w and dry density ρ d , is thus established.
For the soil in a unit volume, the number of total contact points of soil particles is defined as N v and the coordination number N c refers to the number of contact points of a single particle with all its surrounding particles. Hence, N v is the product of the soil particles, N s , in a unit volume of soil and the coordination number, N c . Because each contact point is common to two particles, the total contact number in unit soil volume can be written as follows: (22) The total surface area of soil particles in a unit volume is as follows:
where S s is the surface area of a single particle; and R is the radius of a single particle.
The contact points in a unit volume can be written as follows: (24) The relationship between macroscopic absorbed suction, s a , in kPa and microscopic absorbed suction, F s , in N (Newton), can be written as follows:
Substituting (21) and (24) into (25) yields the macroscopic absorbed suction, s a , in kPa, of equal-sized soil particles:
This expression establishes the macroscopic absorbed suction, s a (in kPa), of equal-sized soil particles with macroscopic state parameters, including the particle radius (R), water content (w), dry density (ρ d ) and coordination number (N c ).
Absorbed suction of unequal-sized soil particles with arbitrary packing It is worth noting that, almost all the particulate systems encountered in actual practice consist of rough particles with different sizes. Therefore, the system of two even-sized particles becomes the basis and much pioneering work give attention to it (Batool et al. 2015) . However, these studies provide insightful information regarding liquid retention and interparticle force in unsaturated granular materials using the Laplace equation, do not consider microscopic absorbed suction.
The assumption in this condition is the same as that of the equal-sized soil particles. The geometric relationships of the projected planes of the particles are shown in Figure  4 , where R is the radius of the large soil particle; r is the radius of the small particle; θ is contact angle between contractile film and the particles; r 1 is the lateral curvature radius of the meniscus gaseous phase; r 2 is the curvature radius of the liquid phase; α is the saturated angle of the large particle; β is the saturated angle of the small particle; T s is interfacial tensions coefficient; and 2d is the distance between the particles. The horizontal balance of the large soil particle and the small soil particle is written as follows:
where p s1 and p s2 are the microscopic absorbed suction forces acting on the large and small soil particle, respectively.
Equations (27) and (28) can be rewritten as follows:
From (30), when soil is in a certain state, the radius of soil particle R, the contact angle between the contractile skin and the particles θ and the interfacial tensions coefficient T s are constant; hence, the microscopic absorbed suction, p s , depends only on the particle saturated angles α and β.
The overall horizontal balance, including the large soil particle, the small soil particle and the pore water, can be written as follows:
Equation (31) can be rewritten as follows:
Assuming that the volumes of the spherical crowns of the large and small soil particles wetted with water are V 1 and V 2 , respectively and that the volume of the trapezoid ABCD revolving round the x axis is V, the volume of the pore water, V 0 , can be obtained with following formula:
where V can be calculated as follows: (34) where m and n are the abscissa and ordinate, respectively, of the center of circle O 3 , For convenience, (37) can also be abbreviated as follows:
where f 3 is a function of α and β.
The volume of pore water between the soil particles from microscopic factors is equal to the water content from macro factors. Therefore, (39) where N s , N s1 and N s2 are the number of total soil particles, large soil particles and small soil particles, respectively (N s = N s1 + N s2 ).
Assuming N s1 = λN s , (39) can be rewritten as follows: (40) If R = r, particles with unequal diameters turn into particles with equal diameters, and (40) can be abbreviated as (14), which proves the validity of (40). This correlation indicates (40) is the general formula for calculating the volume of pore water, which is applicable to particles with unequal diameters and particles with equal diameters.
By the Rumf formula in powder mechanics (Batool et al. 2015; Ibrahim et al. 2014 ), the coordination number N c can be written as follows: (41) Therefore, the volume of pore water can be calculated as follows: (42) For convenience, (42) can be abbreviated as follows:
where f 4 is a function of λ, w and ρ d .
Combining (32), (38) and (43) can yield the relationships between the saturated angle (α, β), the ratio of the number of large and small soil particles (λ), water content (w) and dry density (ρ d ):
where h is a function of λ, w and ρ d . Via substitution of the saturated angle α and β into (29) or (30), the microscopic absorbed suction, in N, of equal-sized unsaturated soil particles is obtained as follows:
Assuming N s , N s1 and N s2 are the number of all soil particles, large soil particles and small soil particles, respectively, in a unit volume where N s = N s1 + N s2 ; N s1 = λN s ; and S s1 and S s2 are the superficial areas of large soil particles and small soil particles, respectively (S s1 = 2πR 2 ; S s2 = 2πr
2 ), the number of contact points of soil particles in a unit area is as follows: (46) The relationship between macroscopic absorbed suction, S a , in kPa and microscopic absorbed suction, F s , in N, can be written as follows:
Substituting (46) into (47) yields the macroscopic absorbed suction, s a , in kPa, of unequal-sized soil particles as follows: (48) This expression establishes the macroscopic absorbed suction, s a , in kPa, of unequal-sized soil particles with the macroscopic state parameters, including the ratio of the number of large and small soil particles (λ), the large particle radius (R), water content (w), dry density (ρ d ) and coordination number N c .
A difference between the radius of particles results in a difference in the saturated angle formed by the soil grains wetted with water, which causes changes in the microscopic absorbed suction. Compared with the packing of equal-sized soil particles, the nonlinear nature of the formula for absorbed suction is greater and more complicated. Meanwhile, the size of the absorbed suction is related to not only the particles radius but also the ratio of the number of large and small particles. With increasing numbers of variables, the solution becomes more difficult compared with the packing of equal-sized soil particles.
Discussion on the influence factor of absorbed suction
According to the above derivation process, the influence factors of macroscopic absorbed suction (absorbed suction for short) include the coefficient of interfacial tensions, saturated angle, contact angle, particle radius, dry density, soil density, water density, water content and degree of saturation. The interaction rules between absorbed suction and the above influence factors should not be different when the particle sizes are equal or unequal (Ashraf et al. 2013 ). The distinction is the different degree of absorbed suction in the numerical values in these two cases, in which the dry density and water content changes. However, the slopes of their curves, i.e. rising or falling, are different. For the packing of the two sets of unequal-sized particles, there shall always be a corresponding packing of equalsized particles, which can be written as = λR 2 + (1 -λ) r 2 . Thus, the packing of the two sets of unequal-sized particles can be unified in numerical value as the packing of equal-sized particles. However, this equivalence cannot reflect the influence of different radius ratios and quantity ratios of the two sets of particles on the soil structure, packing style and shear strength. Therefore, this article focuses on analyzing the relationship between the absorbed suction of equal-sized particles with arbitrary packing and the influence of factors such as water content, dry density and contact angle.
To probe the relationship between the absorbed suction, water content, dry density and contact angle, it is assumed that the interfacial tensions T s = 72.7 × 10 -3 N/m, water density ρ w = 1.0 g/cm 3 , soil particle density ρ s = 2.7 g/cm 3 , the radius of soil particles R = r = 10 μm, the distance between particles 2d = 2 μm and the contact angle θ = 10°. The relationship between absorbed suction and water content
As it was shown in Figure 5 , the absorbed suction increases first and then decreases until it reaches zero with increasing water content. With these variation characteristics, many strength behaviors of the unsaturated soil can be explained perfectly. For example, the strength of silt is low when it is very dry or bubbled in the water, but the strength increases first from a certain value (not zero because there is still structural suction, whose value is not zero though the absorbed suction is zero at this moment) then decreases until it reaches a constant value when its saturated degree changes from 0 to 1. The reason for this phenomenon is that the wetting effect of water strengthens the interactions between particles when the water content of the soil is low. However, with increasing water content, part of the effect of absorbed suction will decrease under the act of interfacial tensions and the interaction will weaken gradually until the effect of interfacial tensions acting on the particles becomes zero when the particles are totally wetted by the water. Therefore, although the effect of the structural suction should be considered when studying the strength behavior of soils, the variation trend of the above phenomenon is in accord with the (macroscopic) absorbed suction as the water content changes.
The relationship between absorbed suction and dry density
As it was shown in Figure 6 , the absorbed suction increases with increasing dry density when the water content is low and the absorbed suction decreases with increasing dry density when the water content is high. The reason for this phenomenon is that when the water content is low, the particles in a unit volume will increase with an increase in the dry density and the contact points of one particle with other particles will increase. However, due to the limitations of particle packing (the maximum of coordination number is 12), the total action area of microscopic absorbed suction (equal to the value of the action area of microscopic absorbed suction of a single particle multiplied by half of the coordination number) is always less than the projection area of the hemisphere. Therefore, the (macroscopic) absorbed suction increases with increasing water content. When the water content is higher than a critical value located between 4 and 5%, the particles in a unit volume will increase with increasing dry density, causing the saturated angle and wetting area to increase. The total action area exceeds the projection area of the hemisphere, which causes the (macroscopic) absorbed suction to decrease. When the dry density is high, the water content will achieve its critical value in this density (the critical value of water content is 10.7% when the dry density is 2.0 g/cm 3 ) with a modest increase, but the (macroscopic) absorbed suction will rapidly decrease to zero.
Existing research has shown that the contact angle of quartz is 0 to 4°, mica is approximately 0°, montmorillonite is 139° (Diamond 1970) and the contact angle of others clay minerals is approximately 147° (Mitchell & Saga 2005) . When the mineral grain percentage changes, the contact angle will experience a large change, thereby causing a significant change in the absorbed suction. This effect reflects the fact that the compositional characteristics of unsaturated soil have a great influence on the soil's mechanic properties (Yin et al. 2014 (Yin et al. , 2010 .
FIGURE 6. Absorbed suction and dry density
The relationship between absorbed suction and contact angle
As it was shown in Figure 7 , the absorbed suction increases with increasing contact angle. As an example, when the water content is 4% and the contact angles are 0° and 30°, the relative difference of these two absorbed suction values can be calculated as Obviously, the calculated results of absorbed suction will be influenced by the contact angle value. In fact, there are multiple types of mineral particles, such as quartz, mica and clay minerals, in the unsaturated soil (46) and the contact angles of unsaturated soil particles are different from 0° to 30°. The derivation of a quantitative formula Based on the research findings of Zulkifly et al. (2014a Zulkifly et al. ( , 2014b , the variable structural suction, which was proposed by Tang (2000a) , can be computed with the following formula: (49) where x is the number of contact points in a unit area which corresponds to the N mentioned in this paper; s 0 is the initial variable structural suction value of a single contact point; S r is the degree of saturation which is related to water content and dry density; k is the structural parameter of soils which is constant for a certain soil and determined by the cement, the chemical component of pore water and the packing of the particles. Equation (49) shows that the variable structural suction is determined by the degree of saturation and number of contact points in a unit area when k and s 0 are constant for a certain soil. The degree of saturation is a derived parameter from the water-soil and density state, which corresponds to the ratio of water volume to pore volume. The relationship between the degree of saturation, water content and dry density can be written as follows: (50) Meanwhile, the other influential factor x needs to be derived in different situations, as mentioned earlier and its values and formula is different for different packing conditions (Yoshitaka & Oka 2012) .
Equal-sized unsaturated soil particles with arbitrary packing
Here, the number of contact points in a unit area, x, is written as follows: (51) Substituting (15) and (24) into (51) yields the following: (52) By substituting (50) and (52) into (49), the variable structural suction can be written as follows: (53) The quantitative expression of the variable structural suction of equal-sized unsaturated soil particles with arbitrary packing has been obtained. Equation (53) shows that the variable structural suction is not only related to the soil density (soil particle density ρ s , dry density ρ d and relative density D) and water content but is also inversely proportional to the quadratic of particle radius, i.e. the variable structural suction will quickly increase with increases in the particle radius. This effect is why the structural strength of sandy soil is smaller than silt and clay.
Unequal-sized unsaturated soil particles with close tetrahedral packing Here, with (48) for reference, the number of contact points in a unit area, x, is written as follows: (54) By substituting (50) and (54) into (49), the variable structural suction can be written as follows: (55) The quantitative expression of the variable structural suction of unequal-sized unsaturated soil particles with close tetrahedral packing has been obtained. Like the variable structural suction of equal-sized unsaturated soil particles with arbitrary packing, the variable structural suction in this case is also related to the soil density, water content and particle radius.
Discussion of the influencing factors of the variable structural suction
The expressions of the variable structural suction under the combined conditions of different radii of the particles and packing patterns show that the variable structural suction is not only related to soil density and water content but also inversely proportional to the quadratic of the particle radius. Therefore, the degree of impact of the particle radius on the variable structural suction is larger than soil density and water content.
The parameters k and s' 0 are different for different soils and the values can be obtained via the corresponding related tests (Surhio et al. 2014; Willett et al. 2010) . In order to probe the relationship between the variable structural suction, water content, dry density and the radius of soil particles, it is assumed that s' 0 = 5.0 × 10 -10 kN, k = 2 [5] and the radius of soil particles R = 10 μm (in the case of equal-sized soil particles) or R = 10 μm and r = 2 μm (in the case of unequal-sized soil particles).
The relationship between variable structural suction and water content
As it was shown in Figure 8 , the variable structural suction of equal-sized unsaturated soil particles with arbitrary packing and unequal-sized unsaturated soil particles with close tetrahedral packing both decrease with increasing water content. By comparing the changes of the variable suction in the above two conditions, it is clear that the general trends are similar, but there are slight differences in the degree of reduction with the increasing water content. Assuming the same water content and density conditions, the variable structural suction of unequal-sized unsaturated soil particles with close tetrahedral packing is larger than that of equal-sized unsaturated soil particles with arbitrary packing. Furthermore, the range of the change of the latter is greater for a given interval of change in the water content. In other words, the variable structural suction of unequal-sized unsaturated soil particles with close tetrahedral packing is more influenced by the water content (Qureshi et al. 2015) . The reason for this difference is that, for unequal-sized unsaturated soil particles, the pores of large particles will be filled with small particles, which results in closer packing of the soil particles and a greater number of contact points between one particle and those surrounding it. Eventually, the phenomena of cementation and occlusion between soil particles become more common. Furthermore, the latter is closely packed and the former is loosely packed, there are certain differences in the coordination numbers of the packing. Sometimes, the latter's coordination number may be even greater than 12, which never exists in the former case. Therefore, when the range of changes in the water content is the same, the latter experiences a greater change than the former, which is equivalent to magnifying the impact of water content on the variable structural suction.
The relationship between variable structural suction and dry density
As it was shown in Figure 9 (a), the variable structural suction increases with increasing dry density when the water content is less than 2% and the variable structural suction decreases with increasing dry density when the water content is greater than 2%. In contrast, in Figure  9 (b), the variable structural suction increases with increasing dry density when the water content is less than 3% and the variable structural suction decreases with increasing dry density when the water content is greater than 3%. The reasons for this phenomenon are that there are more particles in a unit volume of unequalsized particles, which increases the degree of the soil wetted with water for a given water content. Hence, the impact of dry density on the variable structural suction in case of unequal-sized particles packing is more sensitive compared to that of equal-sized particles. In other words, when there is a small change in dry density, the variable structural suction will experience a large change, which makes it possible for the change range to skip the increasing then decreasing stage of suction with increasing dry density. Combining and comparing the changes of the variable structural suction in the above two packing patterns showed that the impact of dry density and water content on the variable structural suction are not independent, but related and connected with each other. This impact is like a 'weighted average' of the two effects and it is the result of their interaction. The distinction arises from the different 'weights' of two different states. The changes of the variable structural suction are different when the 'weights' of the two influence factors are different. This impact mechanism is identical to the impact of the water content and dry density on the macroscopic absorbed suction.
The relationship between variable structural suction and the radius of the soil particles
The impact mechanisms of the radius of particles on the variable structural suction of equal-sized unsaturated soil particles with arbitrary packing and unequal-sized unsaturated soil particles with close tetrahedral packing are the same. Therefore, in this paper, the variable structural suction of equal-sized unsaturated soil particles with arbitrary packing was used as an example to illustrate the impact mechanisms and rules of the particle radius on the variable structural suction. As shown in Figure 10 , the variable structural suction drastically decreases with the increasing particle radius when the water content and dry density are constant. When the three variable structural suctions in the cases where the radius of the soil particles is 1 μm, 10 μm and 100 μm were compared, the last two are nearly negligible compared to the first. The degree of impact of the radius of the particles on the variable structural suction is much greater than that of the dry density and water content. The reason is because, with a decreasing radius, the specific surface area increases greatly, enhancing the surface activity of particles and resulting in a sharp increase in the cementation of particles. Furthermore, with a decrease in the radius of particles, the occlusion between the particles and the interaction between the molecules on the particle surfaces will also increase. The changes of various structural forces comprehensively lead to rapid increases of variable structural suction.
THE SHEAR STRENGTH THEORY BASED ON INTERGRANULAR SUCTION
The external stress, σ, acting on a saturated soil is borne by the soil skeleton and pore water. The stress acting on the soil skeleton, causing the soil volume to change, is defined as the effective stress, σ'. The portion of stress acting on the pore water, not making the volume of soil change, is defined as the pore water pressure, u w . The above relationship of the three stresses in saturated soil can be written as follows:
This formula is the principle of effective stress of saturated soil as put forward by Terzaghi (1943) . From it, the nature of the principle of effective stress is easy to understand: The effective stress is delivered via the contact points between the soil particles that constitute the soil skeleton and the stress affects the soil's deformation and and structural suction are an important part of effective stress, which conforms to the principle of effective stress. Considering that the intrinsic structural suction is a special type of variable structural suction, the structural suction can be generally called variable structural suction. Based on this, the effective stress formula of unsaturated soil was proposed by Tang (2000b) :
This effective stress consists of two parts, where (σ -u a ) is the soil's net stress, which is the additional effective stress caused by the external loads; and (s a + s c ) is the intergranular suction, where s a is the absorbed suction; and s c is the variable structural suction. Both s a and s c are the interaction forces between particles under the influence of solids and liquids, which directly act on the soil skeleton and are transferred via the soil skeleton.
Unsaturated soils are still subject to Mohr-Coulomb strength criterion, as proven by the existing experiments (Ashraf et al. 2013) . Substituting (55) into the formula for Mohr-Coulomb strength, the shear strength formula of unsaturated soil based on the intergranular suction (including the absorbed suction s a and the variable structural suction s c ) can be written as follows:
As shown in (58), the shear strength of unsaturated soil consists of three parts: the effective cohesion; the soil's additional strength caused the external load; and the strength caused by the intergranular suction.
For the first part, the effective cohesive force, c', is constant when the unsaturated soil is under a certain condition, corresponding to the intercept of the shear strength envelope. The parameter c' will be changed when the soil moisture and/or density are changed. For sandy soil, c' is zero. For clay, the variation range of the shear strength index (c', ϕ') is larger and is related to the type of (a) Equal-sized unsaturated soil particles with arbitrary packing (b) Unequal-sized unsaturated soil particles with close tetrahedral packing FIGURE 9. Variable structural suction and dry density FIGURE 10. Variable structural suction and the radius of the soil particles (for equal-sized unsaturated soil particles with arbitrary packing) strength, whereas the pore water pressure is just a neutral stress. Through the comprehensive analysis of the interacting forces between particles, the intergranular suction consists of absorbed suction and structural suction. The absorbed suction is caused by the interfacial tensions between particles wetted by pore water, which is transferred via the contractile skin and draws particles closer to each other. The strength of the soil is strengthened by the existence of absorbed suction. Meanwhile, the structural suction is the general term related to the nature of the soil particle structure, which includes the bonding forces between particles, occluding force, electrostatic force with electric double layer, molecular force and magnetic force. Due to diversity, complexity and uncertainty of this suction, it was often selectively ignored in previous research. In fact, this suction is related to the structural strength of the soil, and its contributions to the soil strength cannot be ignored. Especially for fine-grained soils, the strength is greatly determined by the contribution of structural suction. Therefore, this factor cannot be ignored. For this reason, the theory of intergranular suction holds that absorbed suction soil, the undisturbed structure of the soil, the stress history and the degree of consolidation. The variation range of ϕ is generally from 0° to 40°, whereas the variation range of c' is from several kPa to more than 200 kPa. The variation range of the schematic diagram is shown in Figure 11 . of the radius of particles is the most significant according to the formula derived in this paper.
Combining the above analyses, we know the following: For unsaturated sand (in which particles with radii larger than 0.075 mm account for more than 50% of the total mass), the strength of the first part is zero, the intergranular suction of the third part is less than 3 kPa and the additional strength of the second part ranges from zero to hundreds or even thousands of kPa. Thus, the contribution of the second part to the strength is far larger than the others, which should be considered more than the others because the others can almost be ignored; For unsaturated silt (in which particles with radii between 0.005 and 0.075 mm account for more than 50% of the total mass), the strength of the first part ranges from zero to 30 kPa, the intergranular suction of the third part ranges from zero to 27 kPa and the additional strength of the second part ranges from zero to 400 kPa or more depending on the imposed load. The contribution of the additional strength of the second part to the total strength is far larger than the others, but the contributions of the first part and the third part are auxiliary; and for unsaturated clay (in which particles with a radius of less than 0.005 mm account for more than 50% of the total mass), the first part ranges from zero to 200 kPa, the additional strength of the second part ranges from zero to 1000 kPa, and the intergranular suction of the third part ranges from zero to 400 kPa. Therefore, the contributions of the three parts to the total strength are important and the determination of the strength of soils should be considered comprehensively.
In conclusion, when the shear strength of unsaturated soil is studied, the impact factors, which include the imposed external load, the type of soil, the particle size, the confining pressure, the soil moisture states and the density states, must be considered comprehensively.
CONCLUSION
Based on the theory of intergranular suction, the general formulas for absorbed suction, variable structural suction and shear strength of unsaturated soil in different combinations of particle sizes and packing types are deduced. The relationships between the above quantities and their influencing factors, such as water content, dry density and the radius of particles were analyzed. The following conclusions were obtained:
Based on the particle model and the equilibrium conditions in the horizontal direction, the establishment of microscopic and macroscopic interconnected 'bridges' and the volume of pore water, we theoretically deduced the quantitative calculation formulas for absorbed suction of equal-sized and unequal-sized unsaturated soil particles with arbitrary packing and variable structural suction of equal-sized unsaturated soil particles with arbitrary packing and unequal-sized unsaturated soil particles with close tetrahedral packing. Their influencing factors were also discussed, which was a large step FIGURE 11. The variation range of the shear strength index (edited from Shen et al. 2009) For the second part, the additional strength is caused by the external load, (σ -u a )tan ϕ', where σ is the total normal stress of the shear slip surface and is easily obtained. In contrast, the pore air pressure, u a , is related to not only the confining pressure but also the degree of saturation. For the same degree of saturation, the greater the confining pressure is, the greater the pore air pressure u a . For the same confining pressure, the greater the degree of saturation is, the greater the pore air pressure u a . For different combinations of the confining pressure and the degree of saturation, the pore air pressure u a can vary from zero to 300 kPa and even larger. The variation ranges of the schematic diagram of the pore air pressure are shown in Figure 12 .
FIGURE 12. The variation range of the pore air pressure (Xing et al. 1996) For the third part, the strength caused by the intergranular suction, (s a + s c ) tan ϕ', is related to the water content, dry density and the radius of particles. The impact forward for the promotion of practical applications of the intergranular suction theory for unsaturated soils. The absorbed suction first increases and then decreases until it reaches zero with increasing water content. The absorbed suction increases with increasing dry density when the water content is low and the absorbed suction decreases with increasing dry density when the water content is high. The absorbed suction increases with increasing contact angle. The variable structural suction decreases with increasing water content. The variable structural suction increases with increasing dry density when the water content is low and the variable structural suction decreases with increasing dry density when the water content is high. The variable structural suction drastically decreases as the radius of particles increases. Among these three factors, the impact of the particle radius on the variable structural suction is much greater than those of dry density and water content. The shear strength of unsaturated soil consists of three parts: The effective cohesion, the soil's additional strength caused by the external load, and the strength caused by the intergranular suction. The contribution of the three parts to the total strength depends on the imposed external load, the type of soil, the size composition, the confining pressure, the soil moisture state and the density state. These factors should be considered comprehensively when determining the shear strength of unsaturated soil.
